؊/؊ mice. Transcription of the proinflammatory cytokines IL-1␤ and IL-6, but not tumor necrosis factor, were initially reduced in infected p35 ؊/؊ mice but increased to wild-type levels during peak inflammation. Furthermore, although transforming growth factor ␤ mRNA was not affected, IL-10 was increased in the CNS in the absence of IL-12. These data suggest that IL-12 does not contribute to antiviral function within the CNS but enhances morbidity associated with viral encephalitis by increasing the ratio of IFN-␥ to protective IL-10.
Resistance to infection, as well as the extent of clinical symptoms, is directly influenced by the pattern and magnitude of cytokine induction. Specifically, gamma interferon (IFN-␥) is closely associated with control of many viruses and other intracellular pathogens (31, 45) . IFN-␥ secretion in turn is enhanced by interleukin-12 (IL-12), which in concert with the related cytokine IL-23, participates in regulating both innate and adaptive immune responses (15, 18, 26, 31, 49) . IL-12 is a heterodimeric cytokine composed of two subunits (IL-12p35 and IL-12p40) secreted primarily by macrophages and dendritic cells. It is a potent inducer of IFN-␥ secretion by CD4 T cells, even in the presence of T regulatory cells (23) . It also increases cytokine secretion, as well as cytolytic potential of NK cells and CD8 T cells (49) . IL-12 is rapidly induced in the periphery and the central nervous system (CNS) after a variety of viral infections (9, 31, 36, 49) ; however, its contribution to virus resistance varies depending upon tissue tropism and predominant effector mechanisms used to control virus replication. For example, IL-12 is critical to control murine cytomegalovirus, while it is dispensable for immune responses to lymphocytic choriomeningitis virus; IFN-␥ is nevertheless required for resistance to both of these infections (31, 33, 34) . Although IFN-␥ is a critical component in the protective host immune response to many viruses, not all viral infections are associated with IL-12-mediated enhancement of the IFN-␥ response (31, 49) .
IL-23 shares both the IL-12p40 subunit and the IL-12 receptor (IL-12R) ␤1 subunit with IL-12 (15, 26, 49) and, similar to IL-12, IL-23 is primarily secreted by macrophages and dendritic cells. The role(s) of IL-23 in innate and adaptive immunity have only recently begun to come to light (15, 26) . A primary consequence is induction of CD4 T cells secreting IL-17, which play a prominent role in neutrophil recruitment to sites of inflammation (1, 25, 26, 29) . Unlike IL-12R, IL-23R is not expressed by naive T cells but is present on memory T cells (29) . Differential receptor expression is consistent with IL-23-independent induction of IL-17-secreting CD4 T cells (26, 29) ; however, it is required for sustained expression of autoimmune T-cell effector function associated with autoimmune demyelination of the CNS (10, 29) . During chronic mycobacterial and human immunodeficiency virus (HIV) infections, IL-23 functions as a regulator of the protective IFN-␥ response (21, 31) but also dampens immune pathology during herpes simplex virus infection of the eye (22) . However, IL-23 has a limited capacity to influence resistance in the absence of IL-12 (21, 27) .
Infection of the CNS with the neurotropic JHM strain of mouse hepatitis virus (JHMV) induces an acute encephalomyelitis accompanied by myelin loss. Virus replicates in microglia, astrocytes, and oligodendroglia but only rarely in neurons and is controlled by a vigorous inflammatory response localized to the CNS (4) . CD8 T cells exert crucial antiviral functions via perforin and IFN-␥-mediated mechanisms (4, 5, 37); however, recent data indicates that CD4 T cells alone can also mediate virus clearance (43, 46) . The critical requirement for IFN-␥ in combating JHMV infection is demonstrated by prolonged virus replication, and increased clinical disease and mortality in IFN-␥ deficient mice (37) . In the absence of IFN-␥, virus preferentially resides in oligodendroglia demonstrating a cell specific action of IFN-␥ within the CNS (13) . Furthermore, morbidity and mortality are dramatically increased in JHMV-infected immunodeficient recipients of CD4 T cells unable to secrete IFN-␥ (38, 43) . Although demyelination, a hallmark of JHMV infection, is an immune mediated manifestation of tissue destruction rather than a direct viral cytopathic effect (4, 28) , a contribution of IFN-␥ to myelin loss is controversial. Similar myelin loss in infected IFN-␥ Ϫ/Ϫ mice compared to controls (37) , as well as demyelination induced by IFN-␥ deficient CD4 or gamma delta T cells in the context of immunodeficient hosts implicate an immune component other than IFN-␥ in contributing to demyelination (5, 11) . In contrast, T-cell transferred into infected immunodeficient recipients suggest that IFN-␥ secretion by CD4 T cells limits demyelination (38) , while IFN-␥ secretion by CD8 T cells contributes to demyelination (5, 6, 39) .
IFN-␥ thus plays a key role in regulating clinical disease, mortality, control of virus replication, and myelin loss after JHMV infection of the CNS. To determine the contribution of IL-12 to JHMV pathogenesis, as well as a possible indirect contribution of IL-23 to myelin loss, antiviral immune responses and tissue damage were examined in infected IL-12/ IL-23 (p40 Ϫ/Ϫ ), IL-12 (p35 Ϫ/Ϫ ), and IL-23 (p19 Ϫ/Ϫ ) mice. The data demonstrate that IL-12 enhances the magnitude of the IFN-␥ response in the CNS after infection, albeit without affecting viral control. However, decreased clinical disease in IL-12-deficient mice indicates that IL-12 induced IFN-␥ and a concomitant reduction in IL-10 contributes to the disability associated with JHMV-induced encephalomyelitis. In contrast, no differences in demyelination were detected in JHMV-infected mice deficient in either IL-12 or IL-23, suggesting that neither of these cytokines influences virus induced demyelination.
MATERIALS AND METHODS
Mice. C57BL/6 mice, purchased from the National Cancer Institute (Frederick, MD), were used as wild-type (WT) controls in all experiments. Congenic IL-12/IL-23-deficient (p40 Ϫ/Ϫ ) and IL-12-deficient (p35 Ϫ/Ϫ ) mice were purchased from The Jackson Laboratory (Bar Harbor, ME). C57BL/6 IL-23-deficient (p19 Ϫ/Ϫ ) mice were previously described (10). Mice were housed and bred in an accredited animal facility at the Cleveland Clinic, Cleveland, OH. All procedures were in accordance with approved IACUC guidelines.
Virus infection and clinical disease. Six-week-old mice were infected via intracerebral injection of 250 PFU of the J2.2v-1 neutralizing monoclonal antibody (MAb)-derived variant JHMV (12) in 30 l of endotoxin-free Dulbecco modified phosphate-buffered saline (PBS). Animals were scored for clinical signs of disease by using the following scale: 0, healthy; 1, ruffled fur and hunched back; 2, hind-limb paralysis or inability to turn to upright position; 3, complete hind-limb paralysis and wasting; and 4, moribund or dead (12) . Differences in clinical symptoms were confirmed by a blinded observer.
Cell isolation and virus titers. Mononuclear cells were isolated from the brain, spleen, and cervical lymph nodes (CLN) as previously described (3, 5, 43, 46) . Briefly, spleen and CLN tissues were dissociated, washed, and resuspended in RPMI medium. In addition, splenocytes were treated with Gey's solution to lyse red blood cells. Brain cells were isolated by tissue disruption in 4 ml of Dulbecco PBS using chilled Tenbroeck glass homogenizers. After centrifugation at 400 ϫ g for 7 min, clarified supernatants were collected and stored at Ϫ80°C. Cell pellets were resuspended in a final concentration of 30% Percoll (Pharmacia, Uppsala, Sweden) and concentrated by centrifugation for 30 min at 800 ϫ g at 4°C onto a 70% Percoll cushion. Mononuclear cells were collected from the 30%/70% Percoll interface and washed twice with RPMI medium containing 25 mM HEPES (pH 7.2). Viable cells were counted by using a hemacytometer and trypan blue exclusion. Virus titers were determined by plaque assay on confluent monolayers of DBT cells, a continuous murine astrocytoma cell line, as previously described (3, 5, 12, 43, 46 Virus-specific IFN-␥ production by the CNS-, spleen-, and CLN-derived CD8 and CD4 T cells were evaluated after peptide stimulation. Briefly, 2 ϫ 10 6 splenocytes or CLN cells and 5 ϫ 10 5 CNS derived cells were incubated with 3 ϫ 10 5 EL-4 or CHB3 feeder cells as described previously (51) . Cells were cultured in the absence or presence of either 1 M S510 peptide encompassing the H-2D b CD8 T-cell epitope or 5 M CD4 T-cell specific M133 peptide in a total volume of 200 l of RPMI supplemented with 10% fetal calf serum for 5 h at 37°C with 1 l of Golgi Stop (BD Pharmingen)/ml. After stimulation, cells were stained for surface expression of CD8, CD4, and CD45 and fixed and permeabilized by using a Cytofix/Cytoperm kit (BD Pharmingen) according to the manufacturer's instructions. Intracellular cytokine expression was detected using a fluorescein isothiocyanate-conjugated MAb specific for IFN-␥. Cells were analyzed on a FACSCalibur flow cytometer (Becton Dickinson, Mountain View, CA) using FlowJo software (TreeStar, Inc., Ashland, OR).
ELISA. IFN-␥ and IL-10 concentrations in cell-free brain supernatants were determined by enzyme-linked immunosorbent assay (ELISA) (51) . Briefly, plates were coated with MAb specific for either IFN-␥ (1 g/ml; R4-6A2) or IL-10 (3.5 g/ml; JES5-2A5) (BD Pharmingen) by overnight incubation at 4°C. Plates were washed (0.5% Tween20 in PBS) and blocked with 10% fetal calf serum in PBS for 1 h at room temperature, and samples were incubated overnight at 4°C. Bound cytokine was detected with biotinylated MAb specific for IFN-␥ (XMG1.2) or IL-10 (JES5-I6E3) (BD Pharmingen), avidin-horseradish peroxidase, and 3,3Ј,5,5Ј-tetramethylbenzidine (BD Pharmingen) as colorimetric substrate. The absorbance was measured at 450 nm with a microplate reader (BioRad Laboratories, Hercules, CA) and analyzed with SoftMax Pro software (Molecular Devices, Sunnyvale, CA).
Histology. Tissues were fixed in 10% formalin and embedded in paraffin. Longitudinal spinal cord sections were stained with hematoxylin and eosin or Luxol fast blue to evaluate inflammation and myelin loss, respectively, as described previously (5, 13, 36) . Viral antigen was detected by immunoperoxidase staining (Vectastain-ABC kit; Vector Laboratory, Burlingame, CA) using anti-JHMV MAb J.3.3 specific for the carboxyl terminus of the viral nucleocapsid protein as the primary antibody, horse anti-mouse antibody as a secondary antibody, and 3,3Ј-diaminobenzidine substrate. Sections were scored in a blinded manner for inflammation, demyelination, and viral antigen. Representative sections identified by blinded scoring were chosen for photography.
Real-time PCR. Tissues were frozen in liquid nitrogen and stored at Ϫ80°C. RNA was extracted by dissociation in TRIzol reagent (Invitrogen, Carlsbad, CA) using sterile Tenbroeck glass homogenizers according to the manufacturer's instructions. RNA was precipitated with isopropyl alcohol, washed with 75% ethanol, and resuspended in RNase-free water (Gibco/Invitrogen, Grand Island, NY). RNA was treated with a DNase treatment kit (Ambion, Austin, TX) to remove DNA contamination. RNA integrity and concentration were evaluated by electrophoresis on 1.2% formaldehyde gels. cDNA was synthesized using 2 g of RNA, Moloney murine leukemia virus reverse transcriptase (Invitrogen), a 10 mM deoxynucleoside triphosphate mix, and 250 ng of random hexamer primers (Invitrogen). Quantitative real-time PCR was performed for expression levels of IL-12/23 (p40), IL-23 (p19), IL-12 (p35), tumor necrosis factor (TNF), IL-6, CXCL-10, CXCL-9, CCL-5, transforming growth factor ␤1 (TGF-␤1), and TGF-␤3 using SYBR green master mix (Applied Biosystems, Foster city, CA). The primers used for amplification of IL-6 and TNF-␣ were described previously (50) . The primer sequences for p40, p19, p35, CXCL-10, CXCL-9, CCL-5, TGF-␤1, and TGF-␤3 were as follows (F, forward; R, reverse): p40, F, 5Ј-ACA GCACCAGCTTCTTCATCAG-3Ј, and R, 5Ј-TCTTCAAAGGCTTCATCTGC AA-3Ј; p19, F, 5Ј-CAGCAGCTCTCTCGGAAT-3Ј, and R, 5Ј-ACAACCATCT TCACACTGGATACG-3Ј; p35, F, 5Ј-ACAGCACCAGCTTCTTCATCAG-3Ј, and R, 5Ј-TCTTCAAAGGCTTCATCTGCAA-3Ј; CXCL-10, F, 5Ј-GACGGTC CGCTGCAACTG-3Ј, and R, 5Ј-GCTTCCCTATGGCCCTCATT-3Ј; CXCL-9, F, 5Ј-TGCACGATGCTCCTGCA-3Ј, and R, 5Ј-AGGTCTTTGAGGGATTTG TAGTGG-3Ј; CCL-5, F, 5Ј-GCAAGTGCTCCAATCTTGCA-3Ј, and R, 5Ј-CT TCTCTGGGTTGGCACACA-3Ј; TGF-␤1, F, 5Ј-CCCGAAGCGGACTACTA TGC-3Ј and R, 5Ј-CGAATGTCTGACGTATTGAAGAACA-3Ј; and TGF-␤3, F, 5Ј-CAATTACTGCTTCCGCAACCT-3Ј and R, 5Ј-AGCACCGTGCTATGG GTTGT-3Ј. Expression was compared relative to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA as previously described (17) . Reactions were monitored using the 7500 Fast Real Time PCR system (Applied Biosystems) under the following conditions: 95°C for 10 min, followed by 40 cycles of denaturation at 94°C for 10 s, annealing at 60°C for 30 s, and elongation at 72°C for 30 s. IL-1␤ expression levels were determined by using TaqMan primers and 2ϫ universal TaqMan fast master mix (Applied Biosystems). GAPDH TaqMan probes were used as controls. TaqMan reactions were performed in 10-l final reaction volumes containing specific master mix, 1 mM concentrations of each primer, and 4 l of cDNA using the ABI 7500 fast PCR and 7500 software. For TaqMan probes, reactions were initiated by incubation at 95°C for 20 s, followed by 40 cycles of denaturation at 95°C for 3 s and annealing and extension at 60°C for 30 s.
RESULTS

IL-12 enhances JHMV-induced encephalitis.
Increased transcription of IL-12p40 occurs within the CNS, rapidly following JHMV infection (36) , suggesting a possible role for IL-12 and/or IL-23 in the pathogenesis of JHMV encephalitis. Recent data further suggested that IL-12p35 mRNA is rapidly induced and that IL-23p19 mRNA transcription increases subsequent to virus clearance from the CNS (14) . However, the latter results were not correlated with IL-12p40 mRNA expression. Since previous reports relied upon semiquantitative measures of mRNA, we sought to confirm the activation of IL-12 and/or IL-23 during JHMV infection of the CNS by real-time PCR. Expression of p40 mRNA was below detection levels in the CNS of naive animals but was rapidly induced after infection (Fig. 1A) , a finding consistent with previous data (36) . Although p40 mRNA declined rapidly after day 5 postinfection (p.i.), it remained above basal levels to day 14 p.i. In contrast to the mRNA encoding the IL-12 and IL-23 common p40 chain, both the IL-12 specific p35 subunit and the IL-23 specific p19 subunit were detected at relatively low levels in the CNS of naive animals (Fig. 1A) . However, expression of both p35 and p19 mRNA remained at or near basal levels after JHMV infection (Fig. 1A) . Despite the inability to detect upregulation of these mRNAs, the increase of IL-12/23 p40 mRNA suggested that either IL-12 or IL-23 may play important roles in the pathogenesis of JHMV.
The potential role(s) of IL-12 and IL-23 on JHMV-induced encephalomyelitis were thus investigated in IL-12/IL-23-deficient (p40 Ϫ/Ϫ ) mice. After infection of WT mice, clinical symptoms of encephalitis were initially detected at day 7 p.i., progressed to a peak between days 10 to 12 p.i., and then began to decline (Fig. 2) . In contrast, the initial onset of symptoms was delayed in p40 Ϫ/Ϫ mice (Fig. 2) . Furthermore, although clinical symptoms in infected p40 Ϫ/Ϫ mice peaked at days 10 to 12 p.i. similar to WT mice, the severity was substantially reduced (Fig. 2) . To determine a dominant contribution of either IL-12 or IL-23 to morbidity, the progression and severity of clinical disease was examined after infection of mice specifically deficient in either IL-12 (p35 Ϫ/Ϫ ) or IL-23 (p19 Ϫ/Ϫ ). Delayed onset, as well as a significant reduction in peak symptoms, was only observed after infection of IL-12-deficient mice ( Fig. 2) . IL-23-deficient mice exhibited no difference in onset or maximum clinical symptoms compared to WT mice (Fig. 2) . Mortality was also similar (ϳ20%) in infected WT and p19
mice. In contrast, mortality in infected p35 Ϫ/Ϫ and p40
mice was reduced (ϳ5%) compared to WT mice. These data indicate that IL-12, but not IL-23, plays a critical role in regulating the morbidity and mortality associated with acute viral encephalitis. Subsequent studies thus focused on analysis of p35 Ϫ/Ϫ mice. Clearance of infectious virus from the CNS of p35 Ϫ/Ϫ and control mice was compared to assess whether reduced morbidity reflected enhanced control of virus replication. Infectious virus peaked in the CNS to similar levels at day 5 p.i. It was subsequently controlled with equal efficiency in both groups, and by day 14 p.i. infectious virus was at the limit of detection in both groups of mice (Fig. 3) . The apparent redundancy of IL-12 in clearance of infectious virus is consistent with the absence of altered CNS virus replication in mice treated with anti-IL-12 antibody (14) . Similarly, no alteration in virus replication within the CNS was detected in mice treated with anti-IL-23 antibody (14) , and no differences were detected in virus replication or clearance comparing JHMV-infected p19 Ϫ/Ϫ and WT mice (data not shown). These data indicate that while IL-12 plays an important role in the onset and severity of morbidity, it does not influence virus clearance.
IL-12 does not alter CNS inflammation. Reduced morbidity during acute infection suggested that leukocyte infiltration into the CNS might be altered in the absence of IL-12. However, analysis of CD45 hi bone marrow-derived inflammatory leukocytes showed no difference in overall recruitment into the CNS of JHMV-infected p35 Ϫ/Ϫ mice compared to WT mice throughout infection (Fig. 4A) . Recruitment of inflammatory cells was also similar after infection of p19 Ϫ/Ϫ mice (data not shown). There were also no differences in recruitment of Ly-6G ϩ neutrophils or F4/80 ϩ monocytes within the CD45 hi inflammatory populations at any time point postinfection in either p35 Ϫ/Ϫ or p19 Ϫ/Ϫ mice (data not shown). Lastly, to determine whether reduced clinical disease correlated with altered recruitment of T-cell subsets, CD8 and CD4 T cells within the infiltrating lymphocyte populations were examined. A slight decrease in total CNS infiltrating CD8 T cells was detected in infected p35 Ϫ/Ϫ relative to WT mice at days 7 and 10 p.i., which only reached statistical significance at day 7 p.i. (Fig. 4B) . Virus-specific tetramer ϩ cells specific for the dominant S510 epitope encoded within the viral spike glycoprotein comprised ϳ40% of CD8 T cells at day 7 and ϳ60% at day 10 p.i. in both groups (data not shown). Similar recruitment of virus-specific CD8 T cells was consistent with the ability of the p35 Ϫ/Ϫ mice to control infectious virus (Fig. 3) . The absence of IL-12 was also associated with a slight decrease in CD4 T-cell CNS infiltration throughout infection (Fig. 4C) , reaching statistical significance at day 10 p.i. In summary, although IL-12 did not affect the recruitment of innate immune cells, total CD8 and CD4 T cells were reduced at 7 and 10 days p.i., respectively.
IFN-␥ is compromised in the absence of IL-12.
In addition to its antiviral function (4, 13, 36), IFN-␥ has been suggested to regulate clinical symptoms during JHMV-induced encephalitis (38) . IFN-␥ is primarily secreted by activated T cells during JHMV infection, with no contribution by NK cells (4, 13, 43, 51) . Although IL-12 is a powerful inducer and enhancer of IFN-␥ secretion by T cells, IL-12 independent activation of IFN-␥-producing T cells has been described after a number of viral infections (31, 49) . Thus, the frequency of CNSderived virus-specific T cells producing IFN-␥ was examined. In the absence of IL-12, the frequencies of virus-specific CD8 and CD4 T cells secreting IFN-␥ were consistently reduced at day 7 p.i. and. Although slightly variable between independent assays, on average the frequencies of CD4 and CD8 T cells were reduced by 30 to 40% compared to T cells from the CNS of WT mice. Overall, the impact of IL-12 deficiency was greater on the CD4 T-cell population at day 7 p.i. (Fig. 5B) . The enhancing affect of IL-12 on IFN-␥ secretion by CD4 T cells becomes especially evident when the data reflect total numbers of virus specific T cells per brain (Fig. 5C ). At day 10 p.i., the proportion of IFN-␥-secreting CD8 T cells was comparable in WT and p35 Ϫ/Ϫ mice (ϳ36%); however, the Ϫ/Ϫ mice remained at ϳ60% of WT levels (data not shown). In contrast, no difference in the frequency of IFN-␥-producing CD4 T cells was detected in CLN (Fig. 5D ) or spleen (data not shown), excluding a peripheral impairment of T-cell activation and expansion. Furthermore, reduced frequencies of virus-specific IFN-␥-producing cells were not attributable to an increase in IL-17-secreting cells, since these remained below 0.5% in both the CD4 and the CD8 T-cell compartments in WT as well as p35 Ϫ/Ϫ mice (data not shown). During JHMV infection MHC class II expression on microglia correlates with IFN-␥ levels within the CNS (5). To determine whether the absence of IL-12 also compromised IFN-␥ secretion in the CNS in vivo, microglia were examined for upregulation of MHC class II molecules. Microglia from infected p35 Ϫ/Ϫ mice were indeed characterized by an initial delay in class II expression relative to WT mice (Fig. 5E) . However, by day 10 p.i. class II expression on microglia was identical in both groups. IFN-␥ within the CNS was measured by ELISA to assess to what extent the delay in class II upregulation correlates with IFN-␥ protein levels. In infected WT mice, IFN-␥ was detectable at day 5 p.i., increased significantly by day 7 p.i., and then declined substantially by day 10 p.i. In contrast, in the absence of IL-12 IFN-␥ was undetectable at day 5 p.i., and only increased modestly by day 7 p.i. (Fig. 5F ). IFN-␥ levels within the CNS were similarly low in both groups by day 10 p.i. (Fig. 5F ), when infectious virus was already reduced. These data suggest that even under optimal restimulation conditions the capacity of T cells derived from an IL-12-deficient CNS environment to produce IFN-␥ is reduced (Fig. 5C ). This deficit was more strongly manifested in vivo, where MHC/antigen density, and thus T-cell stimulation, is more limited. Significantly reduced IFN-␥ levels in the CNS of p35 Ϫ/Ϫ mice correlated with delayed class II expression on microglia and reduced morbidity. Nevertheless, similar and sustained class II expression at day 10 p.i. suggested that the reduced IFN-␥ in the absence of IL-12 were still sufficient to drive optimal class II expression late during infection and sustain viral control.
Viral induced demyelination is IL-12 and IL-23 independent. IFN-␥ is critical for the control of JHMV infection in oligodendroglia (13, 37) ; however, demyelination in the host with an otherwise intact immune system is independent of IFN-␥ (13, 37) . Although demyelination associated with experimental autoimmune encephalitis is dependent upon IL-23 expression (10, 26, 29) , the mechanism of myelin loss after JHMV infection is unclear (28) . Therefore, potential alterations in inflammation, demyelination, and viral tropism in p35 Ϫ/Ϫ and p19 Ϫ/Ϫ mice were compared to those seen in WT mice. Despite the delayed onset of clinical symptoms and reduced severity in p35 Ϫ/Ϫ mice (Fig. 2) , no difference in inflammation or cells expressing viral antigen were detected compared to WT (Fig. 6) . Although a slight increase in myelin loss was apparent in infected p35 Ϫ/Ϫ mice (Fig. 6) , it did not reach statistical significance due to variability between individuals. Similarly, the inability to secrete IL-23 did not alter viral induced inflammation or demyelination (Fig. 6 ). These data are consistent with an IFN-␥-independent mechanism of demyelination (13). IL-12 regulation of innate cytokine, chemokine, and antiinflammatory cytokines. Ameliorated clinical symptoms in the absence of IL-12 suggested three possible mechanisms: (i) diminished activation of proinflammatory genes, (ii) reduced chemokine expression, or (iii) increased activation of antiinflammatory genes. Expression of genes associated with the acute JHMV response or with induction or severity of clinical disease were compared in p35 Ϫ/Ϫ and WT mice. Based on the cross talk between IL-12 and type I IFNs in regulating IFN-␥ responses (7, 8, 31, 33, 49) , the IFN-␣4 and IFN-␤ mRNA levels were initially compared. Transcription of both mRNAs in the CNS was reduced by ϳ40%-50% in the absence of IL-12 (data not shown). Nevertheless, the reduction was insufficient to alter the infectious virus load or increase the tropism for neurons (Fig. 6) , previously shown to correlate with the inability to respond to IFN-␣/␤ (17). IL-12 enhances the secretion of IFN-␥ indirectly via enhanced IL-1␤ and TNF secretion, thereby initiating the production of inducible nitric oxide synthase in addition to other IFN-␥ inducible genes (31) . Decreased IFN-␥ in the absence of IL-12 was indeed reflected in decreased CNS expression of the mRNA encoding inducible nitric oxide synthase (data not shown). Furthermore, consistent with their role in regulating clinical symptoms IL-6 and IL-1␤ mRNA were reduced in infected p35 Ϫ/Ϫ mice at day 5 p.i. (Fig. 7A) . However, no difference in the transcription of these genes was detected at day 7 p.i. (Fig. 7A) , when the p35 Ϫ/Ϫ group exhibited a significant decrease in morbidity (Fig. 2) . Although expression of TNF mRNA was also slightly reduced in the CNS of infected IL-12 Ϫ/Ϫ mice at day 5 p.i., the difference did not reach statistical significance (Fig. 7A) . These data suggest that the initial decrease in proinflammatory cytokines contributes to the delayed onset of clinical symptoms.
Reduced recruitment of T cells into the CNS of infected p35 Ϫ/Ϫ mice suggested a possible defect in chemokine induction after infection in the absence of IL-12. However, CXCL-10 mRNA expression was only transiently reduced ϳ2-fold at day 5 p.i. in the absence of IL-12. CXCL-10 mRNA increased to WT levels by day 7 p.i., and no differences were observed in the expression of CXCL-9 or CCL-5 mRNA (Fig.  7B) . Although expression levels were equivalent by day 7 p.i., early differences presumably shape the responsiveness to chemokines and cytokines later during infection, thus maintaining overall decreased morbidity.
Based on their association with diminished clinical symptoms of EAE (40), expression of TGF-␤ and IL-10 were examined as downregulatory candidates in JHMV-infected p35 Ϫ/Ϫ mice. In contrast to the proinflammatory cytokines, no significant alterations in TGF-␤ mRNA were detected relative to WT controls (Fig. 7C) . However, IL-10 was increased in the CNS of p35 Ϫ/Ϫ mice at days 5, 7, and 10 p.i. (Fig. 7D) . Decreased morbidity was thus associated with decreased expression of proinflammatory cytokines, as well as increased expression of the anti-inflammatory cytokine IL-10.
DISCUSSION
IL-12 regulates both innate and adaptive immune responses and plays a major role in controlling bacterial and intracellular protozoa infections predominantly via stimulation of IFN-␥ (18, 26, 49) . Similarly, IL-23 contributes to host defense against bacterial infections (18, 26, 49) . However, many viral infections resolve without IL-12 participation (49) , and the contribution(s) of IL-23 have not been extensively explored (14, 22, 24, 31) . Importantly, both cytokines also have the potential to influence the severity of pathological lesions and/or clinical disease (15, 26, 31, 49) . Rapid CNS induction of IL-12p40 mRNA in a neurotropic coronavirus induced demyelination model (36) thus prompted analysis of the relative contributions of IL-12 and IL-23 to viral clearance and disease severity. Although quantitative PCR analysis confirmed upregulation of IL-12p40 mRNA (36), we were unable to detect statistically significant increases in either IL-12p35 or IL-23p19 mRNA after infection. Discrepancies with the previously reported early IL-12p35 mRNA induction and delayed IL-23p19 mRNA induction after clearance of infectious virus (14) may reside in distinct viral inoculum doses or our quantitative measurements of PCR replicons. Nevertheless, similar kinetics of virus control in p35
Ϫ/Ϫ and p40 Ϫ/Ϫ mice relative to WT mice are consistent with reports demonstrating no enhancing effects of IL-12 on mouse hepatitis virus clearance from the liver and CNS (14, 44) . Similarly, infected p19 Ϫ/Ϫ mice provided no evidence for IL-23-mediated enhancement of host defense (data not shown), a finding consistent with our inability detect upregulation of p19 transcripts in JHMV-infected WT mice. activity and IFN-␥ secretion by NK cells as well as T cells (49) . Nevertheless, IL-12-independent T-cell activation and IFN-␥ secretion has been noted after a number of viral infections, including systemic lymphocytic choriomeningitis virus infection (32) and influenza virus infection of the respiratory tract (30) . This may be attributed to type I IFN, which can also promote IFN-␥ secretion by lymphocytes (8) . Type I IFN and IFN-␥ are both essential to control acute JHMV infection, as shown by the inability of either virus-induced IFN-␣/␤ or IFN-␥ alone to achieve protection (17, 37) . The absence of an IL-12 affect on JHMV clearance from the CNS may thus be attributed to the rapid induction of IFN-␣ (17), which may act as both an inhibitor of IL-12 and an enhancer of IFN-␥ production (8) . Nevertheless, IFN-␥ levels were significantly decreased in the CNS of p35 Ϫ/Ϫ mice, suggesting that type I IFN was insufficient to compensate for the absence of IL-12 in augmenting IFN-␥ responses. Indeed, the modest decrease in IFN-␣/␤ mRNA levels in p35 Ϫ/Ϫ mice supports a role of IL-12 in promoting IFN-␥ responses locally within the CNS. Impaired NK cell function in this context was ruled out, since NK cells do not contribute to either IFN-␥-dependent MHC class II expression on microglia or virus control in otherwise immunocompetent mice (51) . Reduced IFN-␥ correlated with decreased frequencies as well as total numbers of virus-specific CD8 and CD4 T cells derived from the CNS of infected p35 Ϫ/Ϫ mice compared to WT mice. However, differences were not observed in the frequencies of virus-specific IFN-␥-producing CD4 T cells (Fig. 5D ) or CD8 T cells (data not shown) in CLN or IFN-␥-producing CD4 or CD8 T cells in splenocytes (data not shown), which is consistent with a role of IL-12 in directly promoting local T-cell mediated IFN-␥ secretion within the CNS. Although the control of JHMV in oligodendrocytes, the predominant cell type infected, is IFN-␥ dependent (13, 37) , no differences in viral tropism, viral antigen distribution, or viral clearance were noted in comparisons of p35 Ϫ/Ϫ and WT mice. This suggested that the CD8 T-cell response in WT mice, the dominant adaptive effector response controlling viral replication (4), exceeds the minimum requirement to effectively inhibit viral replication. This is supported by similar results in IL-15-and B-cell-deficient mice, which also show reduced numbers of virus-specific CD8 T cells in the CNS after JHMV infection (42, 51) .
A striking finding was the early effect of IL-12 on clinical disease, without alterations in either virus replication or demyelination. A contribution of IL-12 to clinical symptoms of virus-induced encephalitis, independent of virus load, has not been previously reported to our knowledge and provides a novel insight into viral pathogenesis of the CNS. The absence of a direct influence of IL-12 on tissue destruction is consistent with similar findings in infected mice treated with anti-IL-12 antibody (14) and other models of virus-induced demyelination. IL-12 contributes to limiting Semliki Forest virus infection of neurons and yet has no affect on subsequent demyelination (20) . Furthermore, IL-12 does not influence either the acute phase or demyelination induced by Theiler's murine encephalitis virus (16) . The contribution of IFN-␥ to the pathogenesis of CNS disease is complex, since it can act as a prominent mediator of pathogenesis during some experimental viral infections but can also exert anti-inflammatory functions and decrease clinical symptoms (2, 22, 43), similar to its role in autoimmunity (19) . For example, inhibition of IFN-␥ enhances both morbidity and mortality after Semliki Forest virus, Theiler's murine encephalitis virus, and JHMV induced CNS disease (37, 41, 47) .
IFN-␥ plays a critical role in shaping the inflammatory cells recruited into the CNS (48) . It is thus difficult to assess how increased virus replication and altered inflammation, e.g., neutrophil accumulation within the CNS, both a result of IFN-␥ deficiency, contribute to the symptoms of acute encephalitis. This dilemma is evidenced by increased clinical symptoms and mortality of JHMV-infected immunodeficient recipients of immune CD4 donor T cells deficient in IFN-␥ compared to WT CD4 T cells, independent of viral load (43) . Both neutrophil and monocyte recruitment into the CNS and proinflammatory cytokine levels were similar in the absence of IL-12 at day 7 p.i., correlating reduced clinical disease most prominently with reduced IFN-␥ levels. The observation that clinical disease in not reduced in infected IL-15 Ϫ/Ϫ , despite decreased virus-specific CD8 T cells (51) , implicates the paucity of total and virus-specific CD4 T cells in disease amelioration. Although CD4 T cells may contribute to viral clearance (46) , they are more prominently implicated in the clinical symptoms of encephalitis (2) . Deletion of the immunodominant CD4 T-cell epitope dramatically reduced both clinical symptoms and mortality after a lethal JHMV challenge (2) . Similarly, mutations of the Theiler's murine encephalitis virus immunodominant CD4 T-cell epitope ameliorate disease (35) . Although IL-23-dependent IL-17-secreting CD4 T cells have recently been implicated in enhancing clinical symptoms during CNS autoimmune disease (10, 26) , the frequencies of IL-17-secreting T cells in the JHMV-infected CNS remained near background levels in both WT and p35 Ϫ/Ϫ mice. A negligible contribution of IL-17-secreting T cells during JHMV pathogenesis is supported by a similar disease course and demyelination in both p19 Ϫ/Ϫ mice and anti-IL-23 antibody-treated mice (14) compared to WT mice. In contrast to experimental autoimmune encephalitis (10, 26) , IL-23 does not act as either a positive or negative regulator of virus-induced CNS inflammation. These data support the notion that the IL-12-dependent increase in virus-specific IFN-␥-secreting CD4 T cells contributes to the expression of clinical symptoms. Furthermore, although no evidence for induction of antiinflammatory TGF-␤ was detected, IL-10 was modestly increased in the absence of IL-12. JHMV infection of IL-10 Ϫ/Ϫ mice resulted in increased encephalitis, suggesting that IL-12-dependent limitations on IL-10 may also contribute to morbidity by increasing CD4 Th1 cell activation.
In summary, the study of JHMV-induced encephalitis in IL-12-and IL-23-deficient mice defined IL-12, but not IL-23, as a controlling element in the enhanced expression of clinical symptoms during viral encephalitis. Importantly, the absence of IL-12 decreased IFN-␥ levels within the CNS; however, neither the absence of IL-12 nor the absence of IL-23 impeded viral clearance or affected demyelination. These data support the notion that IL-12 contributes to morbidity by enhancing IFN-␥-secreting CD4 T cells and reducing IL-10-mediated protection.
